Multiferroics, or materials that simultaneously show some magnetic and ferroelectric order, such as BiMnO 3 1 and BiFeO 3 2 , have piqued the interest of researchers worldwide with the promise of coupling between magnetic and electric order parameters. 3, 4 Over the last few years, much has been learned about the underlying interactions in these intrinsic multiferroics and how one can control the properties of these materials. BiFeO 3 (BFO), a multiferroic with a ferroelectric Curie temperature of ~820°C and an antiferromagnetic Neél temperature of ~370°C, 5, 6 has been the focus of many papers and much has been learned about how to control the ferroelectric domain structure, 7, 8 the domain switching mechanisms, 9 and, in turn, the coupling between ferroelectric and magnetic order parameters. 10, 11, 12 At the same time, great advances in exchange anisotropy have occurred since the first discovery of this phenomenon in 1956. 13 Exchange anisotropy or bias (EB) describes the phenomena associated with the exchange anisotropy created at the interface between an antiferromagnet and a ferromagnet. 14 Heterostructures based on multiferroic materials, including YMnO 3 15,16 and BFO, 17, 18 have demonstrated strong static exchange interactions . To this point, however, a robust, room temperature exchange coupled system that is electrically tunable 19 has yet to be experimentally demonstrated. In this letter we report a fundamental and direct correlation between nanoscale features -specifically ferroelectric domain walls -in BFO and the nature of the exchange interaction between the ferromagnet Co 0.9 Fe 0.1 (CoFe) and the multiferroic, antiferromaget BFO.
Heterostructures of Ta (5 nm) / CoFe (2.5 nm) / BFO (50-200 nm) were grown on SrTiO 3 (STO) and SrRuO 3 (SRO) / STO (001) oriented substrates using pulsed laser deposition, details of which have been reported elsewhere. 7, 8 The key parameter of relevance to this work is the deposition rate for the growth of the BFO layer, which was varied from ~0.1-0.3 Å/sec to 1-2 Å/sec. Following the deposition of the BFO/SRO, the films were cooled in 1 Atm of oxygen to room temperature. The surface structure and underlying FE domain structure were then analyzed using a combination of atomic force microscopy (AFM) and piezoresponse force microscopy (PFM). AFM studies of our BFO heterostructures reveal root-mean-square roughness values of ~0.60 nm regardless of the underlying ferroelectric domain structure. Transmission electron microscopy and X-ray diffraction analysis reveal single phase, fully epitaxial BFO films. The samples were then transported to an ion beam sputtering system with a base pressure of ~5E-9 Torr where the ferromagnetic CoFe alloy and capping layer films were grown. In traditional EB systems, the effect is only observed upon cooling the system through the Neél temperature (T N ) of the antiferromagnet in the presence of an external applied field. In our system, heating to above T N ≈ 370°C resulted in inter-diffusion of the layers and oxidation of the CoFe films.
We have therefore circumvented this issue by growing the CoFe films in an applied field, H Growth = 200
Oe, so as to induce a uniaxial anisotropy. Magnetic properties were measured using a SHB Instruments, is also noted that the strong vertical shift between the ferromagnet half-loops is likely due to enhanced spin viscosity during spin rotation in the antiferromagnetic layer. In this manuscript we will refer to heterostructures exhibiting this behavior as possessing an exchange enhancement (i.e., an enhanced spin viscosity or spin drag effect) 14 interaction. In contrast, other heterostructures have been found to exhibit magnetic properties such as those shown in Figure 1( We observe the opposite shift of the hysteresis loop when measuring antiparallel to H Growth and the formation of a hard axis when measuring perpendicular to H Growth [ Figure 1(b) ], thus confirming the behavior to be an exchange bias interaction.
Since the net magnetization of an antiferromagnet is zero it has been hypothesized that the inplane symmetry of the antiferromagnet must be broken to account for the EB. Over the years a number of factors such as interfacial roughness, 20 grain/domain size, 21, 22 non-magnetic defect sites, 23, 24 or a combination of these factors have been proposed to explain the formation of the pinned, uncompensated surface spins required for EB. We demonstrate that the nature and density of specific types of domain walls in the BFO layer is the most critical element in determining EB in this system. To understand this, we recall that in rhombohedral ferroelectrics, such as BFO, there exist three types of domain walls, namely those that separate domains with 71°, 109° and 180° differences in polarization direction. The 71° domain walls form on {101}-type crystallographic planes, which also correspond to a mirror-plane in the rhombohedral structure of BFO, while 109° domain walls form on {001}-type planes. 25 In the case of BFO thin films, it has been demonstrated that careful control of the deposition parameters, such as the film growth rate allows us to reliably obtain a spectrum of domain architectures. There are two important variables of relevance to interpret our data. The first is the fraction (and in turn length) of the different types of ferroelectric domain walls; the second is the fraction of the film surface that is comprised of these different types of ferroelectric domain walls. Standard image analyses 26 of the in-plane and out-of-plane domain images were used to extract quantitative information about the average domain sizes. Using a reasonable ferroelectric domain wall width of 2 nm, 27,28 (we note also that the 109° wall width has been measured directly from atomic resolution TEM images of our samples to be ~2 nm) 29 we calculated the fraction of the surface that is made up of domain walls as well as the fraction of the different types of ferroelectric domain walls (i.e., 71°, 109°, or 180°) in each sample. This analysis was completed on a large set of mosaic-like and stripe-like BFO films and reveals an average 109° wall fraction of ~40-50% in the mosaic-like samples and ~5-10% in stripe-like BFO films. We also note that the fraction of the surface that is made up of such walls scales inversely with the average domain size (as discussed in Figure 2 ).
We can estimate the coupling strength at the ferromagnet-antiferromaget interface using a simple Heisenberg-like model of exchange interaction where H EB can be written as:
where σ is the unidirectional interfacial energy, J ex is the Heisenberg-like interface exchange energy (~5 meV) 30, 31 Figure 2 ]. In the case of the samples with stripe-like domains structures, the domain sizes were systematically varied by changing the thickness of the BFO layer; in the case of the mosaic samples, the domain sizes can be varied by many different pathways, including the growth rate, the substrate miscut, the SRO growth mode, etc. Much like the room temperature measurements in Figure 1 The temperature dependent data gives two very important insights. The first is that the temperature dependent increase in H C observed for all CoFe/BFO heterostructures is larger than that expected for the CoFe film alone. This implies that the exchange interaction responsible for the enhancement of H C grows stronger at lower temperatures and is the same regardless of the underlying BFO structure. This suggests that it is related to the macroscopic spin configuration of the (001) BFO surface, which is common to both the stripe-and mosaic-like films. The second finding is that the mechanism which gives rise to EB occurs only in mosaic-like BFO films, regardless of the temperature.
It should be noted, that both 71° and 109° are ferroelastic domain walls and thus if both were actively serving as pinning sites should give rise to strong EB interaction in both mosaic-and stripe-like BFO structures. The temperature dependent data, along with the data in Figure 2 , however, reveals that this is not the case and that even at low temperatures the interfacial spins in the stripe-like BFO structures do not become active pinning centers. The role of uncompensated spins in the evolution of EB has been shown to be important in numerous systems including Permalloy/CoO, 21 Co/FeMn, 34 Co/IrMn, 35 and
Co/NiO. 36 More recently it has also been reported that the fraction of pinned, uncompensated spins responsible for EB can be just a small fraction (a few percent) of the entire surface spins. 31 Ohldag, et al. conjecture that the origin of the pinned spins could be those spins found at grain boundaries (and domain boundaries) in the antiferromagnet. Our experimental observations are similar to this model in that only a few percent of the surface spins are pinned in the BFO and we believe they occur at specific nanoscale features.
To quantitatively estimate the differences in surface spin structure in stripe-and mosaic-like BFO films we have used XMCD measurement completed at the Fe L-edge in total electron yield configuration with a beam area of ~0.01 mm 2 . The difference in the absorption spectrum for right-and left-circularly polarized light is a measure of uncompensated spins in the material; this asymmetry is thus proportional to the magnetic moment. Figure 4 
